An appropriate configuration of a hypersonic booster plane with the rocket-based-combined-cycle (RBCC) engine was studied for the two-stage-to-orbit (TSTO) reusable space transportation system. Assuming the flight path at a constant dynamic pressure followed by a constant acceleration G, the ascent trajectory and the vehicle sizing were numerically analyzed. The feasibility of the design was evaluated by the ratio of the vehicle mass after the orbiter separation to the takeoff mass. A rocket-propelled orbiter of 75 ton with the separation speed at 3000 m/s was considered as the upper stage. The results show that a vehicle with the takeoff mass smaller than 600 ton including the orbiter can be realized under the constraint of the maximum acceleration at 1 G. The reduction in the drag force to the level of C D =0.01 is strictly required for successful TSTO design. A vehicle with the RBCC engine can continue to accelerate by using the rocket mode in low atmospheric density environment, and has an advantage to conduct the orbiter separation at a high altitude, avoiding hazardous aerodynamic interference. From a hypersonic aerodynamic viewpoint, a waverider-derived vehicle with twin engines on the upper surface and the internal bay, in which the orbiter is placed and released backward, is recommended.
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Introduction
To make human activities in space for utilization and exploration much more prosperous, realizing the fully reusable space transportation system with high reliability, safety and cost-effectiveness is essential. However, the reusable system has a disadvantage in the mass, because the components, which are necessary only in the ascent phase, must be carried into the space. The mass ratio of the payload for reusable vehicles generally becomes smaller than that of the conventional expendable vehicles. The cost reduction coming from the reusability may be completely cancelled by such low payload mass ratio, and the launch cost for the reusable system may become higher than that of the expendable system.
To overcome the above problem, the Two-Stage-To-Orbit (TSTO) system with the booster vehicle having the air-breathing engines seems promising, because 1) the multi-stage system is effective to increase the payload mass ratio not only for expendable vehicles but also for reusable vehicles, and 2) the air-breathing engines can drastically reduce the mass and tank size of the oxidizer. In the present study, we considered the TSTO system consisting of the airplane-type booster vehicle with the air-breathing engines m · Trans. JSASS Aerospace Tech. Japan Vol. 14, No. ists30 (2016) Pe_72 2 and the rocket-propelled orbiter.
For the space transportation system with the air-breathing engines to benefit by the reduction in the oxidizer mass, the final velocity of the booster plane should reach the hypersonic regime. Consequently, the air-breathing engine on the TSTO booster must work from the low-speed regime to hypersonic regime. Two types of the air-breathing engines are under development for hypersonic flight by The Japan Aerospace Exploration Agency (JAXA). One is the Pre-Cooled Turbo Jet engine (PCTJ), which works at Mach number from 0 to 5.
1)
The other is the Rocket-Based-Combined-Cycle (RBCC) engine for hypersonic flight up to 10 or higher. 2, 3) The RBCC engine is composed of the air intake, cowl, external nozzle and the core rocket engine, as shown in Fig. 1 . For application to the propulsion system of the booster plane, the RBCC engine has favorable properties: 1) it fully covers the speed regimes required for the booster plane, 2) its system is relatively simple in comparison with turbine-based engines and reduction in the propulsion system mass is expected, and 3) the rocket mode operation generates the thrust in low-density atmosphere at high altitudes. The item 3) is a unique feature that can significantly expand the flight envelope and the flexibility of the operation of the booster plane.
The RBCC booster plane seems promising for the TSTO system. However, the engine is still under development and a limited number of design studies have made for TSTO vehicles so far. 3, 4) The design strategy for the RBCC booster has not been established yet. In the present study, we assumed the TSTO system composed of the airplane-type booster vehicle and the rocket-propelled orbiter with the mass of 75 ton and the separation speed at 3000 m/s. Considering a simple ascent trajectory model, the appropriate size of the booster (length, wing area and mass) and the fundamental design concept were discussed. After that, the aerodynamic shape design was made based on the trajectory and sizing analyses.
The major objectives in the present study are: 1) To present the necessary properties, which the booster plane with RBCC engines should have for the affordable TSTO system, 2) To show the design concept to realize such properties, and 3) To assess the feasibility of the vehicle from a viewpoint of the aerodynamic shape design. It should be noted that this is not an optimization design study but a study to obtain the design guidelines for a feasible TSTO system of horizontal takeoff type in the future.
Analysis on Ascent Trajectory and Vehicle Sizing

Ascent trajectory analysis model
To conduct the parametric study to obtain the appropriate vehicle size, we have made the following assumptions and simplifications for the ascent trajectory analysis.
The orbiter is considered as a payload of the booster plane. From the study in 5), we assume the lifting-body-type rocket-propelled orbiter with the length 21.5 m, width 10 m, height, 4 m, and the mass 75 ton at separation. It was designed to carry 8 persons to the orbit at 350 km altitude and 51.6 deg inclination. The separation velocity is 3000 m/s, while the separation altitude is the free parameter.
The booster plane is assumed to fly at a constant dynamic pressure after takeoff to avoid the excessive aerodynamic load, because higher aerodynamic load requires larger structural mass. As the booster climbs, the decrease in the atmospheric density results in the increase in the velocity under the constraint of the constant dynamic pressure. Finally, the acceleration G becomes unacceptable for the structural strength and/or crews in the orbiter. To avoid such situation, we set the maximum available G. When the acceleration reaches G max , the flight mode is switched to the ascent at the constant G.
For simplicity of analysis, the atmospheric density is described by:
(1) The rate of change of the altitude h is given by the velocity V and the flight path angle (positive in the upward direction):
(2) Finally the equation of the velocity is given by:
In the present analysis model, the early stage of acceleration just after takeoff, where the acceleration will be gradually made, is not included.
We consider an airplane-type winged vehicle, and the wing area S is determined from the wing loading at takeoff. Too large wing loading results in difficulty at takeoff. Under the strict requirement for reduction in the vehicle mass, we cannot assume a large C L by the use of high lift devices and/or the high-angles-of-attack flight. Consequently, the wing loading should be reasonably small.
The lift coefficient C L and the drag coefficient C D are assumed to be constant. The drag force D consists of the airframe part D A , engine part D E and their interference D AE :
(4) The engine part is defined as the region from the tip of the air intake to the end of the external nozzle (see Fig. 1 ).
After the study on the performance of the RBCC engine, 3) the effective thrust, which is defined as the subtraction of the drag of the engine part from the thrust, is given in terms of the effective specific impulse I sp,e as:
where Ý m denotes the mass consumption rate of the fuel and oxidizer. After 3), we assume the RBCC engine with ethanol for the fuel and liquid oxygen for the oxidizer. The effective specific impulse is given as a function of the flight Mach number as shown in Fig. 1 .
The rate of change in the flight path angle is given by:
The lift coefficient C L is determined from the equilibrium of the gravitational force and the lift at takeoff:
After takeoff, the vehicle is assumed to fly at the constant dynamic pressure. In this regime, the effect of the centrifugal force is negligible, and the flight path angle continues to
increase, because the constant lift force and the decreasing fuel mass result in positive rate of change in the path angle. The rate of change in the vehicle mass is given in terms of the effective specific impulse by:
The drag coefficient is defined as:
The mass of the TSTO vehicle is composed of the structural mass, system mass, engine mass, fuel/oxidizer mass of the booster plane, and the orbiter mass. The mass just after the orbiter separation is given by subtraction of the orbiter mass and the fuel mass consumed for the ascent, which is calculated by the time integration of Eq. (8), from the takeoff mass. The mass ratio  after the orbiter separation is defined as:
which is a good measure to evaluate the feasibility of the design of the booster plane. A low value of  indicates requirement for severe reduction in the dry mass. Figure 2 shows the contours of  on the G max -m TO plane.
Favorable ascent trajectory and booster size
The wing loading at takeoff and the drag coefficient are 250 kg/m 2 and 0.01, respectively. The maximum dynamic pressure is 50 kPa after the study in 3). Too large dynamic pressure requires strong and heavy airframe structure. Too small one requires impractically large lift coefficient at takeoff. As a general tendency, the value of  increases with the increase in G max and m TO . However, the variation is not monotonic and feasible design points are locally found. Assuming that the mass ratio  higher than 0.15 is acceptable, relatively smaller takeoff mass becomes available by setting G max =1.0. In the present study, we set the nominal design values of the takeoff mass, the wing loading at takeoff, the maximum dynamic pressure, the drag coefficient and the maximum G at 550 tons, 250 kg/m 2 , 50 kPa, 0.01 and 1.0, respectively. Figure 3 shows the result of the trajectory analysis for the nominal design case. The flight path angle at takeoff is 0 deg. The flight mode is switched from the constant dynamic pressure to the constant G at time about 140 s. The booster mass after the orbiter separation at velocity 3000 m/s is 90 tons. It should be noted that the flight path angle becomes negative after time 320 s. At the final stage of acceleration, the gravitational force is also used to reach the separation velocity of 3000 m/s by making a descending flight. Such trajectory is seen in the case of G max =1.0 and seems effective to enhance the mass ratio as shown in Fig. 2 . The separation occurs at high altitude of 70 km. The separation in low atmospheric density is desirable from a viewpoint of avoiding complicated and hazardous aerodynamic interference between flows around the booster and the orbiter. Such acceleration method seems suitable for the RBCC engine, because the ascent flight to high altitudes becomes possible only by using the rocked-based engine. The radiative equilibrium temperature at the leading edge with the radius 5 cm is less than 1100 K. The emissivity of the body surface is assumed to be 1.0. Low m · maximum surface temperature enables us to use the high-temperature metal for the surface material instead of fragile non-metallic materials. Figure 4 shows the variation of the mass ratio , lift coefficient and the maximum thrust with the flight path angle at takeoff. The lift coefficient decreases with the increase in  TO as given in Eq. (7). The advantage of the horizontal or near-horizontal takeoff over the vertical takeoff is apparent from a viewpoint of both the mass ratio and the maximum thrust. In this case, the maximum mass ratio is obtained at the takeoff angle 30 deg. Figure 5 shows the effect of the wing loading at takeoff on the variation of the mass ratio  with the takeoff mass. As seen in Fig. 2 , the mass ratio increases with the takeoff mass. In other words, the feasibility of a TSTO vehicle is enhanced by considering larger vehicle size. The mass ratio increases with the wing loading. However higher wing loading results in the loss of feasibility because of difficulty in the operation at takeoff. We use the value of 250 kg/m 2 for the wing loading at takeoff as a moderate one. Detailed vehicle design is necessary to find the most appropriate value for the wing loading at takeoff. Figure 6 shows the effect of the drag coefficient on the variation of the mass ratio with the takeoff mass. The effect on the variations of the altitude at the orbiter separation and the maximum thrust is shown in Fig. 7 . The mass ratio significantly depends on the drag coefficient. Considering that a vehicle with the takeoff mass higher than 600 ton or the mass ratio  lower than 0.15 is impractical, the drag coefficient must be around 0.01 or lower. The sophistication of the aerodynamic shape design to achieve such low drag coefficient is essential for realizing the TSTO vehicle. The drag coefficient of 0.01 should be considered as the target value of the aerodynamic shape design. The maximum thrust apparently increases with both the takeoff mass and the drag coefficient. The separation altitude is not sensitive to the takeoff mass. It increases with the drag coefficient, because a booster plane with high drag coefficient must continue to accelerate even after going out of the atmosphere.
Aerodynamic Shape Design Study for Booster Plane
Layout of RBCC engines and orbiter
Generally, the aerodynamic characteristics of hypersonic vehicles depend on the shape of the windward (lower) surface. To achieve low aerodynamic drag is a key for successful design of the TSTO vehicle. The shape of the lower surface should be carefully determined avoiding flow disturbances by protuberances. The presence of the air flows at the intake and exhaust of the engine makes the shape design difficult. Consequently, the RBCC engine is recommended to put on the upper surface of the booster plane. The upper mount of the engine enables us to make the lower surface smooth, and avoids peak aerodynamic heating from occurring there. The most critical disadvantage of the upper mount of the engine is the reduction in the efficiency of the air intake during the flight at a positive angle of attack. Under the strict limitation of the structural mass, however, the maximum available attack angle is expected to be very small. Severe degradation and stall of the air intake do not become a serious problem for the booster plane flying at zero or low angles of attack. Both the place to carry the orbiter and the method to separate it are critical problems in the design of TSTO vehicles. Achieving low drag coefficient of C D =0.01 seems difficult in the case of the external mount of the orbiter like the Space Shuttle, because it may significantly disturb the air flow around the body. In addition, the external mount cannot protect the orbiter from unexpected impact of objects or hazardous local peak heating. Consequently, the orbiter should be carried in the internal bay in the booster plane. To achieve low drag force, the nose part of the booster plane becomes very sharp and it is impossible to have sufficient space for the orbiter bay there. The orbiter bay has to be located in the rear part of the booster plane, and the orbiter must move backward for separation from the booster. In the case that the separation is conducted during the descending flight as shown in Fig. 3 , the descending flight of the orbiter becomes steeper than the booster, because the wing loading of the orbiter is much larger than that of the booster after the separation. The burn of the orbiter's rocket engine must be conducted after the pull-up maneuver has been completed and the distance from the booster becomes sufficiently large. A sequence of the orbiter separation is illustrated in Fig. 8 . Such critical sequence should be made in low density atmosphere at high altitudes to avoid hazardous aerodynamic interference between the orbiter and the booster.
Example of booster plane design
To assess the feasibility of the design to meet the requirement from the above discussion, a booster plane shown in Fig. 9 was considered. This shape was determined by the method of the wedge-derived waverider, 6) because a waverider is known to be effective to obtain a body shape with low drag force in the hypersonic regime. We used the flow field with the wedge angle and the oblique shock wave angle 3.98 deg and 11.0 deg, respectively, assuming the Mach number at 7.0. The booster plane consists of the main body, the RBCC engines and the outer wings on the right and the left sides of the body. The length of the RBCC engine was assumed to be 37 m after the previous study.
3 ) The total length is 80 m, and the planform area is 2201 m 2 , which gives the wing loading of 250 kg/m 2 for the takeoff mass of 550 tons. Though the present shape seems very thin and flat, such large total length makes the body height at the rear end sufficiently large to set the orbiter bay in the body.
In the present design, the RBCC engines are mounted on the upper surface and on both sides of the body separately. The engine mount automatically moves downward by increasing the distance between the leading edge of the engine and the nose tip of the vehicle (43 m in Fig. 9 ), because the leading edge of the wedge-derived waverider is located on the oblique shock wave surface. Such engine layout enables us to decrease the distance between the center of gravity of the vehicle and the thrust vector of the engine, avoiding large pitching moment due to the thrust, which requires a large, heavy and drag-generating control surface for the trim.
After 3), we assumed ethanol for the fuel and liquid oxygen for the oxidizer. For the flight trajectory shown in Fig. 3 , the necessary mass of ethanol is estimated as about 170 ton and that of liquid oxygen is about 220 ton. Then the necessary volume of the fuel and oxidizer tanks is about 410 m 3 in total. The total interior volume of the present shape is calculated as about 2400 m 3 except the outer wings and the orbiter bay zone. Considering that the integral tank is available for ethanol, the present booster plane has sufficient volume for the fuel and oxidizer.
The drag coefficient in the hypersonic regime consists of the inviscid lower surface drag, skin friction and the drag due to the leading edge bluntness. At the design angle of attack (0 deg), the pressure coefficient on the lower surface is constant at that behind the oblique shock wave (0.0267). The skin friction drag is estimated by using the empirical relation for the skin friction of the turbulent flow over the flat-plate 7) : C D, f  0.455 (log 10 Re) 2 .58
where the Mach number and Reynolds number based on the length of the booster plane were assumed to be 7.0 and 10 6 , respectively, as the representative values. The drag force due to the leading edge bluntness is estimated by the straight Newtonian method. 8) As already seen in Fig. 3 , the radius of 5 cm is large enough to avoid excessive aerodynamic heating at the leading edge. Setting the leading edge bluntness at the radius 5 cm increases the drag coefficient from 0.0047 to 0.0068, which is still lower than 0.01. Consequently, the rise in the drag force due to the leading edge bluntness is not critical in the present case.
The lift coefficient is estimated as 0.027, which is smaller than that calculated from Eq. (7) (0.049). By the Newtonian method, the location of the aerodynamic center is estimated as 68% of the length of the main body. Considering that the body is very thin in the front part, it is not easy to set the center of gravity in front of the aerodynamic center for the static stability in the pitching motion.
In the present study, we only show that the shape design to achieve C D ≤0.01 is feasible with the reasonable leading edge radius. Further improvement is necessary by considering the flow around the body with the interference effect of the flows at the intake and exhaust of the engines in all the flight regimes from low-speed to hypersonic speed. 
Conclusion
An appropriate design of a hypersonic booster plane with the rocket-based-combined-cycle (RBCC) engine was studied for the two-stage-to-orbit (TSTO) reusable space transportation system. Assuming the flight path at a constant dynamic pressure in the early stage and at a constant acceleration G in the later stage, the ascent trajectory and the vehicle sizing were numerically analyzed. The feasibility of the design was evaluated by the ratio of the vehicle mass after the orbiter separation to the takeoff mass. We considered a rocket-propelled orbiter of the mass 75 ton before separation at the velocity 3000 m/s. The results show that a vehicle with the maximum acceleration G about 1.0 has a potential to achieve the mission with lower takeoff mass. The reduction in the drag force to the level of C D =0.01 is strictly required for successful TSTO design with the takeoff mass smaller than 600 ton and the mass ratio larger than 0.15. Based on the above discussion, an example of the booster plane design using the method of the wedge-derived waverider is presented and the design guidelines are obtained as follows:
• The RBCC engines should be mounted on the upper surface to make the lower surface clean and smooth, • The orbiter should be carried in the internal bay and released backward from the rear end of the booster plane, • To avoid unexpected and hazardous aerodynamic interference, the orbiter separation should be conducted in low density atmosphere at high altitudes, • The waverider-based design of the lower surface shape is suitable to achieve the low aerodynamic drag, • The wing loading should be sufficiently low to allow the vehicle to take off safely, resulting in a long, wide and flat configuration of the booster plane, • The acceleration at high altitudes significantly reduces the aerodynamic heating and allows us to use relatively small leading edge radius, which is necessary to achieve low drag force, and metallic materials for the leading edge.
